The thermodynamic limit to the progress of the bainite reaction in steels containing a cementite inhibitor often leaves large quantities of thermally or mechanically unstable austenite. Such austenite is not effective in delaying the onset of plastic instabilities during the course of deformation. In such circumstances, it is useful to conduct isothermal transformation at a high temperature where the rate of reaction is relatively rapid, followed by a lower temperature step that permits more bainite to be generated. This in turn increases the stability of the refined austenite, which then transforms gently over a large range of strain during a tensile test. A significant corollary is that the two-step heat treatments are unnecessary in low-carbon steels, where the bainite reaction is able to proceed to a greater extent before reaching the thermodynamic limit. Furthermore, the two-step process can be counterproductive in low carbon steel, because the austenite content is reduced to a level below which it does not enhance the mechanical properties. Other circumstances in which multiple heat treatments are necessary are also discussed.
I. INTRODUCTION
EVER since the work of Papadimitriou and Fourlaris [1] on carbide-free bainite, it has been known that implementing two stages of isothermal transformation, both below the bainite-start temperature, leads to a refinement of microstructure. The amount of bainite that can form at a given temperature is limited by the T 0 curve, which represents the locus of points on a temperature vs carbon concentration plot where austenite and ferrite of identical composition have the same free energy. A second step at a lower temperature therefore permits further transformation to bainite, thus reducing the quantity of retained austenite in the final structure. Bainite plates generated at a lower temperature are also finer [1, 2] and hence contribute more to strength. [3, 4] A two-stage process of this kind can be beneficial in reducing the overall transformation time if the reaction at the lower temperature is slow. The internal stresses generated during transformation at the higher temperature can stimulate the kinetics of transformation at a lower temperature. [5] [6] [7] Coarse regions of austenite are known to lead to poor toughness and ductility. [8] [9] [10] [11] It is reasonable therefore to expect an improvement in the mechanical properties using a two-step heat treatment that allows sufficient time in each stage for the bainite reaction to stop. Using such heat treatments, a large increase in ductility and toughness was achieved in a high-carbon steel. [12] Similarly, a significant improvement in the tensile strength, without compromising ductility, has recently been reported for a medium carbon steel subjected to this kind of a two-step isothermal transformation, with the benefits attributed to the refinement of structure. [13] The detailed composition of the steel studied was Fe-0.3C-1.46Si-1.97Mn-1.5Ni-0.3Cr-0.96Cu-0.25Mo wt pct
The purpose of the present work was to study the role of two-step transformation into bainite in steels with a much lower substitutional solute content and two different carbon concentrations, and to assess specifically the role of the retained austenite during the course of deformation. As will be seen later, almost identical properties are possible to achieve with these simpler steels, and it will be shown that the two-step heat treatment does not always lead to improved properties relative to the single isothermal transformation experiment.
II. EXPERIMENTAL TECHNIQUE
The chemical compositions of the alloys, prepared by vacuum induction melting, are listed in Table I . The two alloys differ in carbon content and contain 2 wt pct Mn to suppress allotriomorphic ferrite and 1.5 wt pct Si to inhibit the formation of cementite during the bainite transformation. After casting, the alloys were heated to 1473 K (1200°C) for 2 hours and hot-rolled to 2-mmthick sheet, with the rolling completed at a temperature above 1173 K (900°C), followed by air-cooling to ambient temperature.
Subsequent heat treatments were conducted either using a dilatometer or an infrared heating furnace. Figure 1 illustrates the heat treatment paths; one set of samples was isothermally transformed at a single temperature following austenitization at 1203 K (930°C) for 5 minutes, which is given in Table II . The first isothermal transformation temperature T 1 was set above the martensite-start temperature M S of the alloy, and the second temperature T 2 < T 1 was above the martensite-start temperature M S2 of the enriched austenite remaining following the first isothermal step. The martensite-start temperatures in each case were determined experimentally using dilatometry [14] ; an example is illustrated in Figure 2 . The temperature T 2 was set by allowing the transformation at T 1 to consume approximately 60 pct of the austenite, and accounting for the fact that it should be higher than M S2 .
The microstructures were examined using light and scanning electron microscopy (SEM) together with electron back-scattered diffraction (EBSD). Specimens for metallographic analysis were prepared using a standard method etched with 2 pct nital followed by 10 pct sodium metabisulfite solution. For EBSD analysis, the specimens were mechanically polished, followed by electropolishing with 10 pct perchloric acid solution, and examined using a step size of 0.1 lm. The austenite fraction was measured with X-ray diffraction using monochromated Cu K a radiation. The specimens were prepared by mechanical and chemical polishing to remove oxide or deformed layer using 10 pct HF + H 2 O 2 solution. Integrated intensities of (200) a , (211) a , and (220) c , (311) c peaks were used for the evaluation of austenite fraction. The carbon concentration in austenite was determined using the following equation of the lattice parameter as a function of composition [15] :
where w is the wt pct of the solute in the subscript, and consistent with atom probe observations, the elements A second set of isothermal transformation parameters are T 2 and t 2 , respectively. M S2 represents the martensite-start temperature of the austenite remaining following the first isothermal heat treatment.
other than carbon do not partition even on the finest conceivable scale. [16] [17] [18] [19] [20] [21] Tensile testing was conducted at a crosshead speed of 0.625 mm min À1 , using tensile test specimen according to ASTM specifications, with a parallel length of 32 mm and a gage length of 25 mm. Interrupted tensile tests were used to assess the stability of austenite, and the austenite fraction in the uniformly strained region was measured using X-ray diffraction.
III. RESULTS AND DISCUSSION

A. Microstructures
Figure 3(a) shows the change of austenite content as a function of T 1 . The retained austenite fraction in alloy A gradually increases with isothermal treatment temperature, while the maximum observed for alloy B is because a substantial part of the austenite remaining untransformed at T 1 = 723 K (450°C) decomposes into martensite on cooling as shown in Figure 3 (b). Corresponding optical micrographs are shown in Figure  4 , where the white features represent the austenite and dark ones are bainite or martensite. In alloy A, most of microstructure consists of bainitic ferrite and small islands of retained austenite. It is noted that there are relatively larger grains which seem to be a mixture of retained austenite and martensite at T 1 = 723 K (450°C). It is thought to form by partial martensitic transformation of coarse austenite grains during final cooling. Even with this partial transformation, the austenite fraction is increased at T 1 = 723 K (450°C) in Figure 3 (a), possibly due to the higher population of small austenite islands. In alloy B, comparable to the XRD result, the quantity of austenite appears to be larger at T 1 = 673 K (400°C) than 723 K (450°C) in alloy B. The microstructure subjected to isothermal treatment at 723 K (450°C) indicates that coarse austenite grains mostly transform into martensite on cooling. Figure 5 shows the carbon concentration in austenite in final microstructure. Most of carbon concentration in austenite agrees well with T 0 0 ; which defines the locus of points where austenite and ferrite containing (400 J mol À1 of stored energy) of the same chemical composition have identical free energies. The T 0 0 curve is a thermodynamic limit in the sense that the bainite reaction cannot proceed once the carbon concentration of the austenite exceeds that given by the limit. [22] The bainite reaction, therefore, halts well before the austenite reaches its equilibrium or paraequilibrium composition, thus leaving coarse regions of untransformed austenite. One option to refine the coarse austenite is to promote further transformation by reducing the transformation temperature, which is the basis for the two-step heat treatment. Figure 6 shows the austenite content following the two-step process. For comparison, the austenite fraction after single isothermal treatment is also presented. When the isothermal temperature is below 673 K (400°C), subsequent isothermal treatment at a lower temperature decreases the austenite fraction in most of the conditions. This is because the second heat treatment allows further formation of bainitic ferrite by increasing the critical carbon concentration in austenite over which the formation of bainitic ferrite is not possible. The exception is the data in alloy B, where T 1 = 723 K (450°C) and T 2 = 623 K (350°C), which leads to a larger fraction of austenite than for the single treatment with T 1 = 723 K (450°C). As explained previously, the austenite that is left untransformed following the first step is unstable to martensitic transformation, so the fraction retained in the singular process is dramatically reduced. On the other hand, cooling from T 1 to T 2 = 623 K (350°C) results in further bainitic transformation and stabilises the austenite. Figure 7 shows the microstructures resulting from the two-step processing; as expected, the fraction of austenite (V c ) is seen to be less than that associated with the single isothermal transformation (Figure 4) . Furthermore, the regions of retained austenite are clearly refined, although the effect is less obvious for the lower carbon alloy A, where transformation can, in any case, generate more bainite since less carbon is partitioned into the austenite per quantity of bainite that forms. Thus, the amount of retained austenite in alloy A for single step with T 1 = 673 K (400°C) is approximately 12 pct and this austenite is present already in a refined state as shown in Figure 4(a) . Therefore, any decrease induced by additional transformation at a lower temperature is rather small, from 12 pct to 7.5 pct, leading only to a limited refinement of the austenite islands. Figure 8 shows the tensile test results for alloys A and B. The ultimate tensile strength obtained is greater using the two-step treatment with the exception of alloy B transformed at T 1 = 723 K (450°C), where the residual austenite is not stable on cooling to room temperature with a single isothermal treatment.
B. Mechanical Properties
The trend for elongation depends on the average carbon concentration of the alloy. In alloy A with w C = 0.24 wt pct, the two-step treatment worsens the ductility with the opposite effect observed in alloy B which contains 0.41 wt pct carbon. In alloy B, an increase in elongation from 5 to 30 pct is observed for the single and two-step heat treatments for which T 1 = 723 K (450°C). A parameter often used to assess strength and elongation together is the product of these two parameters, plotted in Figure 8(c) . It is clear that the lower carbon alloy A does not improve when given a two-step heat treatment.
C. Influence of Two-Step Isothermal Heat Treatment
The changes in microstructure due to the additional bainite forming at the lower temperature can be summarized as follows:
fragmentation of the coarse austenite regions; enrichment of austenite with additional carbon, thus enhancing its stability; change in austenite fraction, the sign of the change depending on the stability of the austenite produced in the first higher temperature step of transformation.
It is possible that the deterioration in the performance of alloy A when subjected to the two-step treatment may be related to the decrease in the fraction of retained austenite below the quantity needed to sustain work hardening via the TRIP effect, over larger values of elongation. The usual commercially available low-carbon TRIP-assisted steels contain 10-15 pct of retained austenite. [11, [23] [24] [25] [26] Since the austenite fractions in alloy A after single isothermal treatment at 673 K or 723 K (400°C or 450°C) fall into that range, any further transformation at a lower temperature will reduce the austenite content to less than 10 pct, thereby compromising the elongation. [27, 28] Indeed, the additional bainitic ferrite generated at T 2 increases the tensile strength by 100 to 150 MPa, but this is not the essential cause of the loss in ductility because the product of strength and elongation is systematically reduced with the two-step treatment. Furthermore, as shown in Figures 4(a) and 7(a), the austenite already has fine grain structure even with single isothermal treatment of alloy A, so the multiisothermal treatment is difficult to have an advantage regarding to the refinement of austenite grains.
In alloy B, it is clear that the two-step treatment significantly improves the mechanical properties when T 1 > 673 K (400°C). Its austenite content is a substantial 30 pct after the single isothermal treatment at 673 K (400°C), and 18 pct and 24 pct using two steps at 673 K to 623 K (400°C to 350°C) and 723 K to 623 K (450°C to 350°C), respectively. It follows that the multiple isothermal treatment is a promising way to control the characteristics of austenite in the highcarbon alloy to make full use of TRIP effect from refined austenite. For a quantitative analysis of the characteristics of austenite, the grain size and carbon concentration in retained austenite were compared for three cases illustrated in Figure 9 . From the EBSD images, the grain size of austenite was changed little in the range of 2.5-1.9 lm. The corresponding carbon concentrations are shown in Table IV . As expected, additional transformation at T 2 enhances the carbon concentration from 0.78 wt pct to 0.98 or 0.88 wt pct. In Table III , the consequent reduction in the M S temperatures both from the size and composition effects is listed. The carbon effect was calculated using [29] :
and the size effect using [30] :
where V c is the average volume of the austenite regions, f is the first detectable martensite fraction, and m is the aspect ratio of the martensite plate, set to be 0.01 and 0.05, respectively. a and b are constants of 1.57 9 10 À21 lm À3 and 0.253, respectively. Table III shows the enhancement of austenite stability obtained using the multiple isothermal treatment in this study, primarily from the further enrichment of carbon.
It is emphasized that conventional TRIP-assisted steels contain allotriomorphic ferrite as the major phase, which results in the enrichment of the residual austenite prior to the formation of bainite at a lower temperature. This kind of enrichment is lacking in the present work, where allotriomorphic ferrite is absent. Furthermore, there is now considerable evidence that unlike allotriomorphic ferrite, bainitic ferrite retains much more carbon in solution and at defects associated with the displacive transformation mechanism. [16] [17] [18] [31] [32] [33] [34] [35] [36] As a consequence, for equal volume fractions of allotriomorphic and bainitic ferrite, the former must lead to a greater enrichment of austenite. This means that the two-step heat treatment is very useful in cases where the structure does not contain allotriomorphic ferrite, but is predominantly bainitic. Figure 10 illustrates the stability of the retained austenite during a tensile test, confirming that the twostep treatment renders greater stability to the austenite in alloy B, so that the transformation-induced plasticity can be sustained over a larger plastic strain.
IV. CONCLUSIONS
The influence of a two-step heat treatment on the characteristics of retained austenite in bainitic TRIP steel has been studied. The following conclusions emerge:
1. There is no doubt that when isothermal transformation results in a large quantity of retained austenite, further transformation at a lower temperature is beneficial both from a microstructural and tensile properties point of view. This is because the additional formation of bainite at the second transformation temperature helps refine the austenite and further enrich it with carbon, thus enhancing its mechanical stability. 2. There are circumstances where the first isothermal transformation temperature leads to a quantity of austenite that is so large that a significant fraction then decomposes by martensitic transformation on cooling. Such, a scenario benefits enormously by a second lower temperature stage of isothermal transformation since additional bainitic ferrite is generated in order to reduce the possibility of martensitic transformation on cooling from the bainite transformation temperature. 3. In relatively low carbon alloys that leave little austenite untransformed during isothermal transformation, there is little to be gained by introducing a further step. This is because the austenite is already in a refined state with just a single step of transformation, and reducing the meager austenite content further leads to a deterioration in the tensile ductility. 4. Two-step treatments of the kind described here are likely to be advantageous where the major phase is bainitic ferrite. This is because bainitic ferrite retains a considerable excess of carbon and hence is less effective in enriching the austenite at comparable volume fractions and thus second isothermal transformation at lower temperature will contribute to the carbon enrichment into austenite, which is essential in improving the mechanical properties of TRIP-assisted steels.
Finally, it is worth mentioning that imaginative multiple step heat treatments, in the context of bainite, have been reported in the past, where unlike the present work, the initial temperature T 1 is less than the second stage at T 2 > T 1 . [37] [38] [39] This leads to a substantial improvement in the toughness of the steel or cast iron, by a mechanism which is said to involve the homogenisation of the austenite. Raising the temperature of the second stage does not of course lead to the formation of additional bainite unless insufficient time is available at T 1 for the carbon concentration of the austenite to be much less than given by the T 0 0 curve. It is also possible that instead of using discrete steps of isothermal transformation, the steel could be cooled continuously at a rate slow enough to permit the T 0 0 condition to be satisfied at each temperature. Whether such a treatment is practical remains to be seen, but would be interesting to attempt from a scientific point of view.
